Abstract-This paper investigates both theoretical and implementation-level aspects of switching-feedback control strategies for the development of harmonic oscillators. We use sliding-mode compensation based on various norms of the system state to achieve amplitude control over a wide-tuning range. A 7.6-MHz I/Q LC oscillator is developed and tested. Measurements show that implementation of the proposed switch-based amplitude controller provides accurate amplitude control over the entire frequency tuning range while inducing only a minor phase noise degradation (of less than 2 dBc/Hz).
I. INTRODUCTION

F
OR MOST voltage-controlled oscillator (VCO) topologies the amplitude of oscillation varies with oscillation frequency. For wide-tuning range VCOs amplitude control techniques become necessary to prevent large deviations in oscillation amplitude over the frequency tuning range [1] , [2] . Amplitude of oscillation can play a significant role in the total harmonic distortion (THD) and overall phase noise performance [2] of a VCO. An amplitude control technique based on static state feedback for harmonic oscillators has been recently reported [3] .
In this paper, sliding-mode control techniques are used to provide amplitude control of second-and fourth-order oscillators over a wide tuning range. The proposed switch-based state feedback control strategy is cost effective and capable of fast response times compared with conventional amplitude gain controllers (AGC) implementing peak detection [4] . The proposed amplitude controller is capable of optimizing output swing with harmonic distortion regardless of the oscillation frequency with minimal degradation to phase noise performance.
We consider oscillator system models which are commonly used in multi-standard communication systems such as the simple harmonic oscillator and the fourth-order in-phase/quadrature (I/Q) -based oscillator. Switching control schemes are proposed for amplitude control of simple-harmonic and fourth-order I/Q VCOs. Using a Lyapunov argument, a general control law is derived for both second-and fourth-order cases. The control law is also modified through the substitution of vector norms to reduce hardware complexity. The proposed theory is experimentally verified using analog circuits.
II. VCO MODELS
This paper develops amplitude control mechanisms for two VCO state-space realizations. The first model is a second-order simple-harmonic oscillator augmented with control input: (1) in which and denote state variables (that represent branch currents or node voltages), and
and denote the open-loop resonant frequency, parasitic loss coefficient and amplitude control input, respectively. The second model describes a fourth-order in-phase/quadrature (I/Q) -based controlled VCO: (2) where and and denote parasitic loss coefficients. Both and are special instances of the generalized oscillator (3) with amplitude control and where and are suitably defined vector-valued functions, i.e., for ,
we have and for
The goal of the amplitude control is to force the closed-loop state trajectory onto a manifold corresponding to a harmonic solution of a desired amplitude.
III. PROPOSED SLIDING-MODE AMPLITUDE CONTROL
The control is developed in two steps. First, a switching manifold is defined that provides stability "in the large," i.e., all trajectories starting from any initial condition within a specified set are bounded and asymptotically approach the switching 1549-7747/$25.00 © 2007 IEEE manifold [5] . Next, we show that, constrained to the switching manifold, the trajectory yields the desired, i.e., oscillatory, system behavior. The evolution of the system state on the switching manifold is known as the sliding-mode solution.
Motivated by the elliptical trajectories of second-order harmonic oscillators, we select the generalized switching manifold as , where denotes the Euclidean-or 2-norm. We see that in the second-order case, the set describes a circle of radius in the plane; in the fourth-order case, the set is a hyper-sphere of radius . To show in-the-large stability of , we invoke the scalar-valued Lyapunov-like 1 function (4) where represents the distance of the state from the switching manifold. We see that only if , and is positive for any . Therefore, we can ensure in-the-large stability of by guaranteeing that the time-derivative of is negative (and possibly finite and nonnegative for a measure-zero set of times, as discussed below) whenever , i.e., that is bounded and approaches from any initial condition. Differentiating (4) with respect to time along the trajectories of yields (5) which, after substituting expressions from (1) and (2) and simplifying, gives
We select the control law (7) where is chosen by the designer, and the function This law scales with dimension so that it applies to either the or cases. After substituting (7) into (6), we see that the control law yields (8) After some manipulation, we obtain (9) where . We assume that for , and that for . 1 It is not a true Lyapunov function in the formal sense because it is not zero for x x x = 0. Thus, for , we see that for any initial condition where denotes the initial time, must decrease monotonically for all . This guarantees asymptotic convergence of to for all initial conditions in the set . Moreover, boundedness of is guaranteed by the compactness of each level set (defined by a circle of fixed radius centered at the origin) corresponding to [6] . 
A. Controlled System Near
Now that we have established the stability of the switching manifold, our next task is to characterize system behavior under the action of the control law (7) in the vicinity of . We begin by defining an annular region as shown in Fig. 1 that encloses . Let , where is a real constant greater than 0. We note that for any there exists a finite time for which for all . This is guaranteed by the strictly decreasing property of . It can be shown that within , the behavior of the system closely follows that of ideal sliding-mode behavior [5] .
For sufficiently small , the system approximates ideal sliding-mode behavior to any desired degree. To determine the ideal sliding-mode solution, we use the method of equivalent control, as described in [5] . In the method of equivalent control, we solve for the hypothetical control input such that and are zero, i.e., such that the system trajectory is restricted to the switching manifold. Substitution of into the state-space model reveals the trajectory on the switching manifold.
For , the equation leads to (after simplification). Substituting into (1) and ignoring parasitics yields the state-space model of the simple harmonic oscillator. Therefore, for , the ideal sliding mode corresponds to a sinusoidal solution for each state variable at a fixed frequency, , and amplitude, . In other words, the control law (7) establishes a circular limit cycle of radius . Theoretically, because is user-selectable, we note that the amplitude of the sliding-mode solution can be of any size. For , setting yields . As mentioned, for any nonzero initial condition, there are only discrete time values for which both and are zero (with ). Therefore, the equivalent control is "almost everywhere" which leads to the effective sliding-mode state model (ignoring parasitics) given by (10) which is linear and has four associated eigenvalues given by , where and . In general, this is a two-harmonic solution with two distinct frequencies being represented. However, as , the two pairs of eigenvalues converge at , to yield a single-sinusoid sliding-mode solution. 2 The amplitude of the oscillation is dictated by the size of , which is user-selectable. Therefore, for , the control law (7) can establish a limit cycle (corresponding to a harmonic solution of any desired amplitude) on the hypersphere , which in the limit (as ) corresponds to a single sinusoid.
B. Equivalence of Vector Norms
We have shown that the proposed control law (7) establishes a limit cycle sliding mode by making use of the 2-norm of the state vector (recall that . In this section, we propose the substitution of alternate norms (specifically, the 1-and -norms) which are more conducive to analog hardware implementation (since square and square-root computations are not required). Our main purpose in this section is to determine the amount of deviation from desired harmonic behavior that is incurred by the use of alternate norms.
Our modified control laws are (11) and (12) where and . Both the 1-norm and -norm are shown to have the following equivalence relationships with the 2-norm [6] : and . Using these equivalence relationships, we bound the switching manifold with the 1-norm and -norm as depicted in Fig. 2 , where the positive real constants, and , represent the supremum and infimum, respectively, of the 1-and -norms needed to enclose . Fig. 2(a) reflects the fact that outside the shaded region; similarly, Fig. 2(b) shows outside the shaded region. Therefore, the use of these norm 2 We have found that in actual circuit designs, a relatively small value for is readily achieved, as described in Section IV. Using the alternate controls, u or u , the shaded regions represent the closest that the corresponding oscillator trajectory can get to approximating the harmonic solution; in other words, the solution is only guaranteed to occupy the shaded region.
substitutions effectively induces a boundary layer in the sliding-mode control law. It can be shown that the boundary layer is of width (as shown in Figs. 1 and 2) for either the 1-norm or the -norm case.
Therefore, the choice of (oscillation amplitude) and oscillator order dictate the amount of deviation from true harmonic behavior when alternate norms are substituted. In effect, there is a tradeoff between hardware complexity and harmonic distortion. Qualitatively, for nonzero switching delays, the switching gain of the control law (11) or (12) also impacts the degree of deviation of the system trajectory from the ideal harmonic orbit.
C. Local Mitigation of Chattering
Because of finite controller switching speeds unavoidable in practice, sliding-mode systems manifest a crisscrossing of the switching manifold, resulting in a rapid "rail-to-rail" fluctuation of the control signal, known as chattering [5] . Chattering can adversely affect our proposed systems, manifesting as noise that disrupts the harmonic behavior of the oscillators. To reduce the effect of chattering while retaining the in-the-large stabilization of the sliding-mode control (7), we may apply special measures which are limited to the vicinity of the switching manifold . In the case of the Euclidean norm, a modified control is (13) for some , where , with given by (7), and . We assume that . The time is the intersection time of the trajectory and the boundary layer of width . The integration of the control provides a softening of the chattering phenomenon. Moreover, still provides a compensating effect, as described in the following intuitive argument.
Neglecting parasitics, we can show that for may be expressed as (14) for , where denotes smallest time in the interval such that . In either case, the sign of is the same as the sign of , therefore, for . However, once crosses , the sign of does not change instantaneously, so that locally the trajectory continues to move away from . The movement away from continues until either the edge of the boundary layer is intersected (in which case the fail-safe sliding-mode control is applied), or the sign of changes. Thus, harmonic distortion can be (locally) reduced without impacting the in-the-large stabilization of the system. In the following sections, we demonstrate the implementation and effect of this integrating control.
IV. CIRCUIT DESIGN
To verify the effectiveness of the proposed sliding-mode control (SMC) scheme, the amplitude-controlled oscillator proposed in Fig. 3 is realized using discrete commercial components. To help simplify the design of the controller, the and the associated control law (12) (with schematic shown in Fig. 4) are used. Fig. 3 shows the proposed topology for the I/Q oscillator. Cross-coupled NMOS transistors are used to provide the negative transconductance necessary to compensate for parasitics present in the individual tanks. Transconductance is controlled via source degeneration by operating NMOS transistors in the triode region. The overall transconductance of each VCO is inversely proportional to resistance of these transistors operating in triode mode.
Although this oscillator is a fourth-order system, when the oscillator is operating in steady-state it can be assumed that which motivates a simplifying approximation that . The SMC is configured to regulate the amplitude of oscillation via incremental control of the dc current of each tank. While a dc current bias exists for both VCOs the source degeneration determines the maximum amount of current that sources the individual tanks. Fig. 4 shows the proposed topology for the -norm based sliding-mode controller. A voltage subtractor is implemented to observe the single-ended voltage states while simultaneously providing a buffer for the tanks. To assess the viability of the integrating control modification to the sliding-mode control as described in (13), a charge pump (CP) is implemented as shown in Fig. 5 . 3 This topology is based on the CP circuit of [7] and is made resistant to clock feedthrough by using varactors at the current mirror gates as well as buffering the output from switching noise at the input (more details are provided in [8] ). This CP allows slew rate adjustability via the selection of current sources and capacitive load.
V. MEASUREMENT RESULTS
The center frequency of the oscillator is 7.6 MHz with a tuning range of 5.8 MHz 9.4 MHz. Fig. 6 shows the state-space plot of the oscillator operating at the center frequency with V. The trajectory of the voltage states of the oscillator follows a unit circle. Fig. 7 shows the time domain plot of the oscillator operating at center frequency with V. The waveforms of the voltage states are sinusoids 90 out-of-phase with an oscillation amplitude of 1 . We verify (using an oscilloscope) that the SMC provides essentially constant oscillation amplitude over the entire frequency tuning range. Without the SMC, we observe that the oscillation amplitude varies significantly with frequency.
The Hewlett Packard HP 4395A spectrum analyzer is used for frequency spectrum measurements of the oscillator. shows THD measurements of the oscillator for various oscillation amplitudes at the center frequency. As expected the THD does increase with the amplitude of oscillation. The THD is maintained around 1% for oscillation amplitudes less than 2 . Overall, the amplitude-controlled oscillator (with charge pump) exhibits excellent performance in terms of harmonic distortion for all oscillation amplitudes less than 2 and all oscillation frequencies in the tuning range. Fig. 9 shows phase noise measurements taken of the oscillator operating at the center frequency. Phase noise measurements are taken for the oscillator operating with the proposed SMC (with and without the CP). Additionally, phase noise measurements are taken for the oscillator operating at center frequency without the proposed SMC. These phase noise measurements were obtained by powering-down the SMC and applying a dc voltage to the source degeneration transistors operating in triode mode. The phase noise performance of the fabricated oscillator in general is poor compared with recently reported QVCOs fabricated on-chip [9] - [11] . However, degraded phase noise performance compared with on-chip realizations is expected due to the large parasitics introduced with the protoboard realization. Comparing phase noise plots with SMC and without shows that implementing the proposed amplitude control is capable of inducing only minimal degradation (1 dBc/Hz to 2 dBc/Hz) of phase performance. We note that the phase noise performance of SMC without the CP shows how chattering of the SMC can severely degrade phase noise performance of the oscillator.
VI. CONCLUSION
Modified sliding-mode control techniques are proposed that provide improved amplitude control of harmonic oscillators. The same control law [with variations (7), (11) and (12)] handles either second-or fourth-order oscillators considered here. A wide tuning-range I/Q oscillator is designed and fabricated using board-level components. Measurement results show the effectiveness of implementing this amplitude control over a wide tuning range with potentially minimal degradation in phase noise.
